In hippocampal CA1 neurons of wild-type mice, delivery of a standard tetanus (100 pulses at 100 Hz) or a train of low-frequency stimuli (LFS; 1000 pulses at 1 Hz) to a naive input pathway induces, respectively, long-term potentiation (LTP) or long-term depression (LTD) of responses, and delivery of LFS 60 min after tetanus results in reversal of LTP (depotentiation, DP), while LFS applied 60 min before tetanus suppresses LTP induction (LTP suppression). To evaluate the role of the type 1 inositol-1,4,5-trisphosphate receptor (IP3R1) in hippocampal synaptic plasticity, we studied LTP, LTD, DP, and LTP suppression of the field excitatory postsynaptic potentials (EPSPs) in the CA1 neurons of mice lacking the IP3R1. No differences were seen between mutant and wild-type mice in terms of the mean magnitude of the LTP or LTD induced by a standard tetanus or LFS. However, the mean magnitude of the LTP induced by a short tetanus (10 pulses at 100 Hz) was significantly greater in mutant mice than in wild-type mice. In addition, DP or LTP suppression was attenuated in the mutant mice, the mean magnitude of the responses after delivery of LFS or tetanus being significantly greater than in wild-type mice. These results suggest that, in hippocampal CA1 neurons, the IP3R1 is involved in LTP, DP, and LTP suppression but is not essential for LTD. The facilitation of LTP induction and attenuation of DP and LTP suppression seen in mice lacking the IP3R1 indicates that this receptor plays an important role in blocking synaptic potentiation in hippocampal CA1 neurons.
Several types of activity-dependent synaptic plasticity are seen in hippocampal CA1 neurons. One of these, known as long-term potentiation (LTP) , that is, persistent synaptic enhancement induced by a brief period of high-frequency electrical stimulation (HFS) of afferents (Bliss and GardnerMedwin 1973; Bliss and Lømo 1973) , is well-known and is assumed to be responsible for important processes involved in the cellular basis of memory and learning (Bliss and Collingridge 1993) . Another, known as long-term depression (LTD), involves the depression by low-frequency afferent stimulation (LFS) of a response in a naive pathway (Dudeck and Bear 1992) . Two further types of synaptic plasticity have been reported in these neurons; these are known as depotentiation (DP), in which LFS reverses a pre-established LTP (Fujii et al. 1991; Bashir and Collingridge 1994) , and LTP suppression, in which a train of LFS given before the delivery of HFS suppresses LTP induction (Fujii et al. 1996 (Fujii et al. , 2000 .
Previous studies of hippocampal CA1 neurons have shown that activation of both N-methyl-D aspartate (NMDA) receptor/Ca 2+ channels and metabotropic glutamate receptors (mGluRs) is a necessary step for the induction of homosynaptic LTP (Bashir et al. 1993; Bliss and Collingridge 1993) . In addition, DP in CA1 neurons has been reported to be blocked by NMDA antagonists (Fujii et al. 1991; O'Dell and Kandel 1994) or an mGluR antagonist . Furthermore, Bortolotto et al. (1994) have shown the role of mGluRs in LTP induction to be a molecular switch mechanism, LTP induction being suppressed when the mGluR-activated switch is turned off by LFS. Thus, in hippocampal CA1 neurons, mGluR activation is also involved in the mechanism of LTP suppression, which is dependent on activation of NMDA receptor/Ca 2+ channels during LFS (Fujii et al. 1996) .
However, although the homosynaptic LTD induced by LFS appears to require activation of NMDA receptor/Ca 2+ channels (Dudeck and Bear 1992; Mulkey and Malenka 1992; Linden 1994) , the involvement of mGluRs in LTD in hippocampal CA1 neurons is still controversial. Oliet et al. (1997) showed the co-existence of two mechanistically distinct forms of LTD in hippocampal CA1 neurons in juvenile rats, one of which is dependent on the activation of T-type voltage-gated Ca 2+ channels (VGCCs), group I mGluRs, and protein kinase C (PKC) and the other on the activation of NMDA receptors. Other studies have shown that the homosynaptic LTD induced in CA1 neurons by the activation of mGluRs may not require activation of NMDA receptors (Palmer et al. 1997; Otani and Connor 1998) .
Stimulation of group I mGluRs in hippocampal CA1 neurons activates phospholipase C (PLC), which hydrolyses the inositol lipid precursor in the postsynaptic plasma membrane into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), the former of which opens IP3 receptor channels, while the latter activates PKC (Ben-Ari et al. 1992; Nakanishi 1992) . In hippocampal CA1 neurons, DAG or PKC has been proposed to be involved in the induction of LTP Abeliovich et al. 1993) .
The IP3 receptor (IP3R) acts as an IP3-gated Ca 2+ release channel in a variety of cells (Berridge 1993; Mikoshiba 1993) . The type 1 IP3R (IP3R1) is the major neuronal member of the IP3R family in the central nervous system and is predominantly enriched in cerebellar Purkinje cells and hippocampal CA1 neurons (Furuichi et al. 1993) . Recently, Inoue et al. (1998) demonstrated that LTD is disrupted in the cerebellar Purkinje cells of mice lacking the IP3R1. In this study, we employed IP3R1 knockout mice, produced by a gene-targeting method (Matsumoto et al. 1996) , to investigate the role of the IP3R1 in the induction of LTP, LTD, DP, and LTP suppression in hippocampal CA1 synapses.
RESULTS

LTP in Hippocampal CA1 Neurons of Mice Lacking the IP3R1
At hippocampal CA1 neuron synapses, a short tetanus (10 pulses at 100 Hz) induced a robust LTP in mutant mice but failed to do so in wild-type mice. Figure 1A shows sample waveforms and an example of the time-course of LTP in a representative slice from a mutant and a wild-type mouse. In the case of the mutant mouse, the short tetanus evoked a marked increase in the S-EPSP that was maintained for >1 h, whereas, in the wild-type mouse, it evoked short-term potentiation (STP), which then gradually fell back almost to pretetanic levels within 40-50 min.
The summarized results from five experiments in four mutant mice and seven in five wild-type mice (Fig. 1B) clearly show that a robust LTP was induced in slices from mutant mice but not in slices from wild-type mice. Sixty minutes after the tetanus, the S-EPSP in slices from mutant and wild-type mice were, respectively, 137.6% ± 8.7% and 103.9% ± 5.3% of the original control levels. As the former value is significantly larger than the latter (P < 0.01), we conclude that LTP induction is facilitated at CA1 synapses in mice lacking the IP3R1.
In mutant mice, the LTP induced by delivery of a short tetanus was dependent on activation of NMDA glutamate receptors/Ca 2+ channels, as LTP induction in the S-EPSP was blocked in the presence of the NMDA receptor antagonist, AP5 (10 µM). Sample waveforms and an example of the time-course of LTP in a representative slice in the presence of AP5 are shown in Figure 1C . The summarized results from six experiments in six mutant mice (Fig. 1D) show failure of LTP induction by a short tetanus applied in the presence of AP5, the S-EPSP measured 60 min after the short tetanus being 103.2% ± 4.1% of the control level, significantly (P < 0.01) lower than the control LTP level induced in the mutant mice.
In contrast, a standard tetanus (100 pulses at 100 Hz) induced a robust LTP in slices from both mutant and wildtype mice. Figure 2 shows a representative time-course ( Fig.  2A ) and the summarized results (Fig. 2B ) for slices from mutant or wild-type mice. To statistically evaluate LTPs, we measured the S-EPSP 20, 60, and 140 min after tetanus in five slices from five mutant or five wild-type mice. In the mutant mice, these values were, respectively, 180.9% ± 13.1%, 156.0% ± 10.2%, and 159.7% ± 8.5% of the pretetanic control level, whereas, in wild-type mice, the corresponding values were 162.3% ± 6.1%, 162.8% ± 6.8%, and 163.4% ± 8.0%, with no significant difference between the groups. Thus, the standard tetanus induced a similar degree of LTP in both genotypes, and LTP was maintained for at least 140 min.
Depotentiation of LTP in Hippocampal CA1
Neurons of Mice Lacking the IP3R1
In the hippocampal CA1 neurons of wild-type mice, LFS reverses the homosynaptic LTP in the S-EPSP (depotentiation of LTP; DP; Fujii et al. 1991) . However, in slices from mutant mice, a standard LFS (1000 pulses at 1 Hz), applied 60 min after a standard tetanus (100 pulses at 100 Hz), had a significantly smaller effect on an established LTP. Figure  3A shows a representative DP time-course in slices from a mutant and a wild-type mouse. The summarized data (Fig.  3B) show that the DP in the S-EPSP in six slices from three mutant mice was markedly attenuated compared with that in seven slices from four wild-type mice. The LTP values 60 min after tetanus were almost identical in the two groups of mice, being 155.8% ± 11.4% and 150.4% ± 5.0% of the pretetanic control level in the mutant and wild-type mice, respectively.
LFS delivered 60 min after tetanus significantly reduced an established LTP (DP) in wild-type mice but had no effect in mutant mice. In mutant mice, the S-EPSP measured 60 min after the end of LFS was 151.5% ± 10.3% of the pretetanic control level (n = 6), no different from the control LTP measured 140 min after tetanus (Fig. 2B ), whereas in wildtype mice, DP was induced by LFS, the S-EPSP measured 60
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min after the end of LFS being only 116.2% ± 5.9% of the pretetanic control level (n = 7), significantly (P < 0.01) lower than the control LTP measured 140 min after a standard tetanus (Fig. 2B ). Statistical analysis of the LTP measured 60 min after LFS indicates a significant (P < 0.05) difference between the mutant and wild-type mice. From these results, we conclude that DP is blocked at CA1 synapses of mice lacking the IP3R1. The DP induced in wild-type mice was dependent on activation of NMDA glutamate receptors/Ca 2+ channels, as a standard LFS given in the presence of 50 µM AP5 failed to induce DP in CA1 neurons of slices from wild-type mice. An S-EPSP time-course plot from a representative slice from a wild-type mouse is shown in Figure 3C , and the summarized results from four slices in three wild-type mice are shown in Figure 3D . In these slices, the LTP 60 min after tetanus was 156.2% ± 7.1% of the pretetanic control level, while the S-EPSP measured 60 min after the end of LFS was 157.2% ± 8.1% of the pretetanic control level (n = 6), no different from the control LTP measured 60 and 140 min after tetanus (Fig. 2B ). Statistical analysis of the LTP measured 60 min after the standard LFS indicates a significant (P < 0.01) difference between DPs induced in the absence and presence of AP5. These results show that DP induced in hippocampal CA1 neurons requires the activation of NMDA receptor/Ca 2+ channels during delivery of the standard LFS. Thus, we conclude that, in these cells, IP3R1 is involved in the mechanism of DP, which requires the activation of NMDA receptor/Ca 2+ channels during LFS. Summarized results for the time-course of LTP in the S-EPSP in mutant mice in the presence of AP5 (n = 6). In this and the following figures, the plots show the mean ± SEM. **, significant (P < 0.01) difference at 60 min after tetanus between the slices from wild-type and mutant mice.
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LTD Induced by a Short LFS in Hippocampal CA1 Neurons of Mice Lacking the IP3R1
At hippocampal CA1 neuron synapses, a short LFS (200 pulses at 1 Hz) induced a robust LTD in slices from both mutant and wild-type mice. Figure 4A shows an example of the time-course of LTD in a representative slice from a mutant and a wild-type mouse. The summarized results from five experiments in five mutant and five wild-type mice (Fig.  4B ) clearly show that LTD was induced in slices from both genotypes. To statistically evaluate LTDs, we measured the S-EPSP 60 min after LFS in these slices; in mutant mice, this was 91.7% ± 3.5% of the pre-LFS control level, whereas, in wild-type mice, it was 91.0% ± 1.5%, with no significant difference between the groups. Thus, a short LFS induced a similar degree of LTD in both genotypes. The LTD induced in both genotypes was dependent on activation of NMDA glutamate receptors/Ca 2+ channels. Figure 4C shows a representative time-course plot in a slice from a mutant or wild-type mouse, in both of which LTD in the S-EPSP was blocked when a short LFS was applied in the presence of AP5 (50 µM). Figure 4D shows the summarized results from five experiments in five mutant and five wildtype mice, in both of which the S-EPSP increased above the pre-LFS control level after a short LFS applied in the presence of 50 µM AP5. The S-EPSP measured 60 min after the LFS was 118.9% ± 4.9% or 122.1% ± 2.9 % of the pre-LFS control levels for mutant or wild-type mice, respectively, both of which were significantly greater (P < 0.01) than the values seen in the absence of AP5. This shows that LTDs induced in hippocampal CA1 neurons of both genotypes require the activation of NMDA receptor/Ca 2+ channels during LFS. Thus, we conclude that in hippocampal CA1 neurons, IP3R1 is not involved in the mechanism of LTD induction, which requires the activation of NMDA receptor/ Ca 2+ channels during LFS.
LTP Suppression in Hippocampal CA1 Neurons of Mice Lacking the IP3R1
In hippocampal CA1 neurons of wild-type mice, the standard LFS (1000 pulses at 1 Hz) given 60 min prior to a standard tetanus suppresses subsequent LTP induction in the S-EPSP (LTP suppression). Figure 5A shows a representative time-course plot of LTP suppression in a wild-type mouse in which the STP fell gradually back to the pretetanic level within 40-50 min, while Figure 5B summarizes the data from six slices from six wild-type mice, showing that the S-EPSP 60 min after the end of LFS was 81.8% ± 4.8% of the pre-LFS control level, indicating that LTD was induced by the standard LFS. In addition, tetanus delivered 60 min after LFS produced STP but failed to induce LTP in the S-EPSP; the S-EPSP measured 60 min after tetanus being 100.2% ± 15.6% of the pre-LFS control level. As the percentage change in S-EPSP after tetanus is included in the responses 60 min after LFS delivery, the magnitude of the LTP will be underestimated; when this was taken into consideration, the true magnitude of the LTP was found to be 119.4% ± 13.5% of the pretetanic level, significantly lower (P < 0.05) than the control LTP induced in naive slices from wild-type mice (Fig. 2B) . In mutant mice, LTD was induced and LTP suppression was inhibited in all slices tested. Figure 5A shows a representative time-course plot in which, following delivery of a standard LFS, a standard tetanus evoked a marked increase in S-EPSP that was maintained for >1 h. Figure 5B shows the summarized data for six slices from three mutant mice. The S-EPSP measured 60 min after the end of LFS was 82.0% ± 4.5% of control levels, almost equal to the LTD induced in wild-type mice. However, tetanus given 60 min after LFS resulted in a robust LTP, the S-EPSP measured 60 min after tetanic stimulation being 143.8% ± 11.0% of the pre-LFS control level or 174.0% ± 3.5% of the pretetanic 
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www.learnmem.org levels, respectively; the former value is significantly greater (P < 0.05) than that for the control suppression of LTP in wild-type mice (Fig. 5B) , while the latter does not differ significantly from that for the control LTP in mutant mice (Fig. 2B) . These results indicate that at CA1 synapses of mice lacking the IP3R1, LTP suppression is blocked, while LTD induction is not affected.
DISCUSSION
As DP was markedly attenuated (Fig. 3 ) and LTD unaffected (Figs. 4,5) in hippocampal CA1 neurons of mice lacking the IP3R1, we conclude that the IP3R1 is involved in DP but is not essential for LTD. The facilitation of LTP induction and the absence of DP and LTP suppression seen in hippocampal CA1 neurons in the mutant mice (Figs. 1,4 , 5) indicate that synaptic transmission is readily potentiated by input activity and maintained because of blockade of DP at CA1 synapses lacking the IP3R1. Thus, we conclude that the IP3R1 plays an important role in blocking synaptic potentiation in hippocampal CA1 neurons. It is widely believed that an increase in the postsynaptic Ca 2+ concentration ([Ca 2+ ]i) through NMDA receptor/ Ca 2+ channels during or after tetanus is a necessary step in the induction of homosynaptic LTP in hippocampal CA1 neurons (Bliss and Collingridge 1993) . Similarly, in hippocampal CA1 neurons, the homosynaptic LTD induced by LFS appears to require activation of NMDA receptors and an increase in the postsynaptic [Ca 2+ ]i, which triggers activation of Ca 2+ -dependent second messenger systems (Dudeck and Bear 1992) , followed by calcium-independent signaling steps (Mulkey et al. 1994; Bear and Abraham 1996) . Thus, in hippocampal CA1 neurons, LTP and LTD share a common (Lisman 1994) . However, two distinct calcium-releasing sites on the surface of the internal stores of the endoplasmic reticulum have been identified, these being the ryanodine receptor (calcium-induced calcium release; CICR) and the IP3 receptor (IP3-induced calcium release; IICR). The type 3 ryanodine receptor (RyR3) is enriched in hippocampal CA1 neurons (Furuichi et al. 1994 ). RyR3-deficient mice produced by gene targeting exhibit facilitated LTP induced by a short tetanus (10 pulses at 100 Hz) at hippocampal CA1 synapses, suggesting that CICR as a result of Ca 2+ influx during or after tetanus contributes to the blockade of LTP induction in hippocampal CA1 neurons (Futatsugi et al. 1999) .
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This study demonstrated that mice lacking the IP3R1 showed facilitated LTP induced by a short tetanus (10 pulses at 100 Hz) at hippocampal CA1 synapses and that this was dependent on activation of NMDA glutamate receptors/Ca 2+ channels. This suggests that in hippocampal CA1 neurons, LTP induction by a short tetanus is actively blocked by postsynaptic IICR but is triggered by Ca 2+ influx through NMDA receptor/Ca 2+ channels. It is therefore possible that in these cells, increases in the [Ca 2+ ]i, mediated either by efflux from internal stores via the IP3R1 or RyR3 or by Ca 2+ influx through NMDA receptors, play opposing roles in LTP induction.
In contrast, in both genotypes, a standard tetanus (100 pulses at 100 Hz) induced a similar degree of LTP that was maintained for at least 140 min (Fig. 2) . This may indicate that postsynaptic IICRs cannot block LTP induction by a standard tetanus. LTP induction in hippocampal CA1 neurons requires sufficient depolarization of the postsynaptic 
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www.learnmem.org membrane to activate NMDA receptor/Ca 2+ channels, and this depolarization depends on input activity (Ascher and Nowak 1988; Collingridge et al. 1988a,b) . Furthermore, an increase in [Ca 2+ ]i through VGCCs, which also depends on input activity, is thought to contribute to LTP induction (Ito et al. 1995) . It is possible that postsynaptic IICRs activated during a standard tetanus cannot antagonize the large Ca 2+ influx through NMDA receptor/Ca 2+ channels or VGCCs, which is more dominant in LTP formation. Thus, it is assumed that the IP3R1 is involved in the mechanism of LTP by limiting LTP induction.
Group I mGluRs activate PLC, which hydrolyses phosphatidyl inositol bisphosphate (PIP2) into IP3 and DAG, the former opening IP3 receptor channels and the latter activating PKC. In hippocampal CA1 neurons, however, mGluR-dependent LTD does not involve activation of NMDA receptors and is thought to be mechanistically distinct from NMDA receptor-dependent LTD (Oliet et al. 1997; Palmer et al. 1997; Otani and Connor 1998) . That an NMDA receptor antagonist blocked LTD in mice lacking the IP3R1 (Fig. 4C,D) provides evidence that the IP3R1 is not involved in the mechanism of NMDA receptor-dependent LTD in hippocampal CA1 neurons. Both LTD and DP are synapse-specific effects and are induced optimally by 1-Hz LFS, suggesting that DP shares some features with LTD. In hippocampal CA1 neurons, activation of NMDA receptor/Ca 2+ channels is involved in both LTD and DP, since D, L-AP5 (50 µM), applied during 1 Hz LFS (200 or 1000 pulses), blocked the induction of both DP and LTD (Figs. 3D, 4D ), suggesting that DP is a form of LTD. In contrast, in mice lacking the IP3R1, the effects of 1-Hz LFS on DP were quite different from those in normal mice, LFS (1000 pulses at 1 Hz) inducing LTD in naive slices without reversal of the established LTP (Figs. 3B, 5B ). This indicates that LTD and DP in hippocampal CA1 neurons are mechanistically distinct forms of synaptic plasticity and, as the only procedural difference between DP and LTD induction was the absence or presence of tetanic stimulation, that the IP3R1 is involved in DP but not in LTD.
LTP and LTD may be mediated by modulation of ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor phosphorylation (Lee et al. 1998; Barria et al. 1997) . Recently, Lee et al. (2000) showed that LTD and DP dephosphorylate two phosphorylation sites on the AMPA receptor GluR1 subunit, these being the major cyclic AMP dependent protein kinase A site and the calcium/ calmodulin-dependent protein kinase II (CaMKII) site. Considering the results of this study, it is possible that the phospholipid-IP3R1-IICR-CaMKII-dependent second-messenger system (Lisman 1994 ) is involved in DP.
Coactivation of NMDA receptors and mGluRs is considered necessary for tetanus-induced LTP in hippocampal CA1 neurons Sergueeva et al. 1993; Brown et al. 1994) . Bortolotto et al. (1994) reported that delivery of 2-Hz LFS to the CA1 inputs of naive rat hippocampal slices deconditions the mGluRs-activated molecular switch and suppresses LTP induction by subsequent tetanic stimulation (100 pulses at 100 Hz). However, NMDA receptor/Ca 2+ channels may be involved in the mechanism of LTP suppression, as D, L-AP5 (50 µM), applied during LFS, successfully blocks LTP suppression (Fujii 1996) . The failure of LTP suppression in slices from mice lacking the IP3R1 (Fig. 5) suggests that LTP is readily induced at synapses at which the mGluR-activated molecular switch is inoperative because of the absence of the IP3R1, and that activation of IP3R1 during or after LFS, together Summarized time-course data for LTD and LTP suppression in slices from wild-type (n = 6, open circles) and mutant (n = 6, closed circles) mice. *, significant (P < 0.05) difference in the S-EPSP at 60 min after tetanus between slices from wild-type and mutant mice.
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with activation of NMDA receptor/Ca 2+ channels, triggers signaling steps to block the subsequent LTP induction.
LTP suppression has an effective time window during which the following tetanus fails to produce LTP; that is, LTP induction is suppressed by LFS delivered 60 min, but not 20 or 100 min, before tetanus (Fujii et al. 1996) . This explains the failure of LTP suppression by 1-Hz LFS (900 pulses) at hippocampal CA1 synapses studied in vivo (Heynen et al. 1996) or in vitro (Lee et al. 2000) . In these studies, tetanus (100 pulses at 100 Hz) was delivered about 30 min after the end of LFS (Heynen et al. 1996) , or -burst stimulation (10 bursts of 5 pulses at 100 Hz with interburst intervals of 200 msec) was delivered ∼20 or 80 min after the end of LFS (Lee et al. 2000) . As the second-messenger systems that are triggered by a large influx into the cell through NMDA receptor/Ca 2+ channels are activated within, at most, a few seconds or minutes (Ben-Ari et al. 1992; Lisman 1994) , a further step after the early second-messenger systems might be involved in LTP suppression. The molecular mechanism involved in LTP suppression is of considerable interest, but it is too early to draw any detailed conclusions.
In summary, our results suggest that, in hippocampal CA1 neurons, the IP3R1 is involved in LTP, DP, and LTP suppression but is not essential for LTD. The facilitation of LTP induction and attenuation of DP and LTP suppression seen in mice lacking the IP3R1 indicates that this receptor plays an important role in blocking synaptic potentiation in hippocampal CA1 neurons.
Materials and Methods
The animals used were maintained and handled following the guidelines of the Animal Care and Use Committee of the Yamagata University School of Medicine. The techniques were almost identical to those described previously (Fujii et al. 1996) . The procedures for IP3 gene targeting and the production of homozygous mutant (−/−) mice on a C57BL/6J background were as described previously (Matsumoto et al. 1996) . A neomycin-resistant J1 embryonic stem cell clone was identified as a homologous recombinant and used to generate heterozygous mutant (+/−) mice that grew normally and showed no obvious defects. When the heterozygotes were mated, most of the homozygous mutants died in uteri, while others died postnatally; at postnatal day 10, wild-type (+/+), heterozygous (+/−), and homozygous (−/−) mutant mice were found at the respective frequencies of 33.5%, 61.0%, and 5.5% (1.10 : 2.00 : 0.18; n = 271). The genotypes were identified using the polymerase chain reaction and Southern blot analysis (Matsumoto et al. 1996) .
Recordings were performed on hippocampal slices prepared from age-matched 18-to 22-d-old homozygous mutant IP3R1 knockout C57BL/6J mice and their wild-type littermates, and the results were compared. Hippocampi were rapidly dissected and transverse slices (500 µm thick) preincubated for at least 1 h in standard medium, consisting of 124 mM NaCl, 5.0 mM KCl, 1.25 mM NaH 2 PO 4 , 2.0 mM MgSO 4 , 2.5 mM CaCl 2 , 22.0 mM NaHCO 3 , and 10.0 mM glucose, maintained at 30°-32°C, and constantly bubbled with a mixture of 5% CO 2 /95% O 2 . To stimulate the input pathways to the CA1 neurons, a bipolar stimulating electrode was placed in the stratum radiatum of the CA1 region, close to the CA2 region, and a glass recording electrode filled with standard medium (impedance 5-15 M⍀) was placed in the stratum radiatum of the CA1 region 0.6-1.5 mm from the stimulating electrode. The strength and duration of the stimulus pulse were adjusted to elicit a field EPSP with an initial slope 40%-60% of maximum and were then fixed at this level for each experiment.
After checking the stability of the responses to a test stimulus given at 20-sec intervals, either a short (10 pulses at 100 Hz) or a standard (100 pulses at 100 Hz) tetanus was delivered to elicit LTP. In LTD experiments, a short (200 pulses at 1 Hz) or a standard (1000 pulses at 1 Hz) LFS was delivered. For DP, delivery of a standard LFS (1000 pulses at 1 Hz) was initiated 60 min after the tetanus. In LTP suppression experiments, the standard LFS (1000 pulses at 1 Hz) was delivered 60 min before the standard tetanus used to elicit LTP. After delivery of the tetanus or LFS, the test stimulus was repeated every 20 sec and responses recorded for a minimum of 60 min. To evaluate changes in the response, the mean value of the slope of the field EPSP (S-EPSP) in the 10-min period before the delivery of the tetanus or LFS to naive slices was defined as the control (100%) level, and responses after tetanus or LFS expressed as a percentage (mean ± SEM) of this. In addition, a short tetanus or a short LFS was given in the presence of the N-methyl-D-aspartate (NMDA) glutamate receptor antagonist, D, L-2 amino-5-phosphonovalerate (AP5, 10 µM or 50 µM, Research Biochemical Incorporated), and changes in the S-EPSP measured 60 min after the short tetanus or short LFS. The test reagent was applied 3-5 min before and during the tetanus or LFS, then was replaced by the standard solution just after the end of the tetanus or LFS.
All values are given as the mean ± SEM (%). The results were analyzed for statistical significance (P < 0.05 or P < 0.01) using the two-tailed Student's test.
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